[1] We synthesize estimates of the contemporary net air-sea CO 2 flux on the basis of an inversion of interior ocean carbon observations using a suite of 10 ocean general circulation models (Mikaloff Fletcher et al., 2006 and compare them to estimates based on a new climatology of the air-sea difference of the partial pressure of CO 2 (pCO 2 ) (Takahashi et al., 2008) . These two independent flux estimates reveal a consistent description of the regional distribution of annual mean sources and sinks of atmospheric CO 2 for the decade of the 1990s and the early 2000s with differences at the regional level of generally less than 0.1 Pg C a À1 . This distribution is characterized by outgassing in the tropics, uptake in midlatitudes, and comparatively small fluxes in the high latitudes. Both estimates point toward a small ($ À0.3 Pg C a À1 ) contemporary CO 2 sink in the Southern Ocean (south of 44°S), a result of the near cancellation between a substantial outgassing of natural CO 2 and a strong uptake of anthropogenic CO 2 . A notable exception in the generally good agreement between the two estimates exists within the Southern Ocean: the ocean inversion suggests a relatively uniform uptake, while the pCO 2 -based estimate suggests strong uptake in the region between 58°S and 44°S, and a source in the region south of 58°S. Globally and for a nominal period between 1995 and 2000, the contemporary net air-sea flux of CO 2 is estimated to be À1.7 ± 0.4 Pg C a À1 (inversion) and À1.4 ± 0.7 Pg C a À1 (pCO 2 -climatology), respectively, consisting of an outgassing flux of river-derived carbon of $+0.5 Pg C a À1 , and an uptake flux of anthropogenic carbon of À2.2 ± 0.3 Pg C a À1 (inversion) and À1.9 ± 0.7 Pg C a
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(pCO 2 -climatology). The two flux estimates also imply a consistent description of the contemporary meridional transport of carbon with southward ocean transport throughout most of the Atlantic basin, and strong equatorward convergence in the Indo-Pacific basins. Both transport estimates suggest a small hemispheric asymmetry with a southward transport of between À0.2 and À0.3 Pg C a À1 across the equator. While the convergence of these two independent estimates is encouraging and suggests that it is now possible to provide relatively tight constraints for the net air-sea CO 2 fluxes at the regional basis, both studies are limited by their lack of consideration of long-term changes in the ocean carbon cycle, such as the recent possible stalling in the expected growth of the Southern Ocean carbon sink.
Introduction
[2] The exchange of carbon dioxide (CO 2 ) between the atmosphere and ocean is a critical process of the global carbon cycle and an important determinant of the future of the Earth system [Fung et al., 2005; Friedlingstein et al., 2006; Denman et al., 2007] . From $1800 until 1994, the ocean removed about 118 ± 19 Pg C (1 Pg = 10 15 g) from the atmosphere [Sabine et al., 2004] . This is equivalent to about 50% of the CO 2 emitted into the atmosphere from the burning of fossil fuels or about 30% of the total anthropogenic CO 2 emissions, which additionally include emissions from land use change and cement production [Houghton, 2003; Marland et al., 2006] . With this removal of anthropogenic CO 2 , the ocean constitutes the only net sink over the last 200 years, as the terrestrial biosphere is most likely a net source when integrated over this period [Sabine et al., 2004] . While the current sink strengths of the ocean and the land biosphere are similar Manning and Keeling, 2006; Bender et al., 2005] , model projections suggest that the land sink may decrease during this century or, perhaps, even turn into a source [Cox et al., 2000; Friedlingstein et al., 2006] . In contrast, the oceanic sink for atmospheric CO 2 will likely continue to grow , highlighting the crucial role of the ocean as the ultimate sink for anthropogenic CO 2 . However, quantitative estimates of the oceanic sink strength and its regional distribution have remained uncertain, particularly for key regions such as the Southern Ocean [Caldeira and Duffy, 2000; Orr et al., 2001; Watson and Orr, 2003; Roy et al., 2003] .
[3] A fundamental challenge is that the contemporary exchange flux of CO 2 across the air-sea interface consists of a natural CO 2 flux component, i.e., a CO 2 flux that already existed in preindustrial times and is assumed to have changed little since, and an anthropogenic CO 2 flux component that is driven by the anthropogenic perturbation in atmospheric CO 2 . The fluxes of both anthropogenic and natural CO 2 are expected to change considerably in the future in response to continually rising atmospheric CO 2 and global climate change [Sarmiento et al., 1998; Joos et al., 1999b; Matear and Hirst, 1999; Plattner et al., 2001; Gruber et al., 2004; Yoshikawa et al., 2008] . Therefore, in order to predict the future of the oceanic carbon sink and consequently the future evolution of atmospheric CO 2 , we need a quantitative estimate of the current sources and sinks for atmospheric CO 2 , as well as a mechanistic understanding of both components of the CO 2 flux.
[4] Until recently, the ability to separately estimate the natural and anthropogenic CO 2 flux components from observations was limited to the very indirect approach of computing the horizontal flux divergence of the oceanic transport of the respective carbon component [e.g., Holfort et al., 1998] . A more direct and often used approach, albeit without ability to separate the net flux into its two components, is the measurement of the air-sea difference of the partial pressure of CO 2 (pCO 2 ), which when combined with bulk gas exchange parameterizations yields an estimate of the net flux [Takahashi et al., 1997 [Takahashi et al., , 2002 [Takahashi et al., , 2008 . Another method to estimate net air-sea fluxes is the inversion of atmospheric CO 2 observations [Bolin and Keeling, 1963; Enting and Mansbridge, 1989; Keeling et al., 1989; Tans et al., 1990; Gurney et al., 2002 Gurney et al., , 2004 Baker et al., 2006] . The air-sea CO 2 flux estimates obtained by all these approaches have remained uncertain owing to a combination of methodological uncertainties (e.g., uncertainty in the parameters for the bulk parameterization [Wanninkhof, 1992; Krakauer et al., 2006; Sweeney et al., 2007; Naegler et al., 2006] ), uncertain atmospheric transports [Gurney et al., 2004] , and insufficient data coverage [Gloor et al., 2000; Takahashi et al., 2002] .
[5] A region of particularly large discrepancies between different flux estimates is the Southern Ocean, which we define here as the oceanic region south of 44°S, with some older estimates indicating a very large uptake flux (order of 1 Pg C a À1 and higher [Takahashi et al., 1997 ) and others pointing toward a much lower uptake [Roy et al., 2003; McNeil et al., 2007] . This represents a critical gap in our understanding of the ocean carbon cycle, because this region appears to react very sensitively to climate variability and change [Wetzel et al., 2005; Le Quéré et al., 2007; Lovenduski et al., 2007 Lovenduski et al., , 2008 Lenton and Matear, 2007; Verdy et al., 2007] , and because simulations indicate that the Southern Ocean likely will dominate the ocean's CO 2 flux response during this century [Sarmiento et al., 1998; Orr et al., 2001] .
[6] We synthesize here the results from a recently developed ocean inversion method [Gloor et al., 2003; Mikaloff Fletcher et al., 2006 , which provides air-sea CO 2 flux estimates that are based on inorganic carbon observations from the ocean interior, and are therefore entirely independent from estimates based on observations of the air-sea pCO 2 difference or those based on atmospheric CO 2 . An added benefit is that the ocean inversion separately estimates the air-sea fluxes of natural and anthropogenic CO 2 , which when added together with an estimate of the outgassing of river derived carbon, give an estimate of the contemporary net air-sea flux of CO 2 . The anthropogenic CO 2 flux results we use here have been presented and discussed by Mikaloff Fletcher et al. [2006] , while in 2007 these authors summarized and discussed the natural CO 2 flux results. This paper focuses on the contemporary air-sea CO 2 flux results and compares them with the most recent flux estimates of Takahashi et al. [2008] , which are based on an updated and greatly expanded analysis of surface ocean pCO 2 observations. Moreover, we also compare our estimates with those derived from the inversion of atmospheric CO 2 and from model studies. Finally, we provide and discuss estimates of the contemporary net transport of carbon implied by the inverse fluxes, and compare them to new estimates computed from the pCO 2 -based air-sea flux estimates taking into consideration the oceanic storage of anthropogenic carbon and fluxes of river-derived carbon.
[7] The ocean inverse flux results presented here are quantitatively similar to those reported by Jacobson et al. [2007b] on the basis of a joint atmosphere-ocean inversion. This is because the oceanic constraints in such a joint inversion are much stronger than the atmospheric ones, resulting in only small shifts from an ocean-only inversion. Relative to Jacobson et al. [2007b] , the fluxes reported here are based on a larger and more diverse set of ocean general circulation models (OGCM), providing an improved assessment of the errors stemming from the possible biases in ocean transport. An additional improvement is that we resolve the spatial distribution of the fluxes at a substantially higher resolution; that is, we report and discuss results for 23 oceanic regions instead of just 11. Finally, we compare our estimates here with a broader and newer set of air-sea flux estimates, including the new pCO 2 -based estimates of Takahashi et al. [2008] and the new atmospheric inversion estimates of Baker et al. [2006] .
[8] We will demonstrate that the ocean inverse estimates together with the new pCO 2 -based estimates provide an unprecedentedly consistent and precise depiction of the global distribution of the long-term annual mean sources and sinks of atmospheric CO 2 , with regional uncertainties of generally less than 0.1 Pg C a À1 . In particular, we show that these two estimates indicate a small net uptake flux of CO 2 in the Southern Ocean, with a magnitude that is substantially smaller than previous estimates. An important caveat, however, is that both these estimates represent a long-term mean view of air-sea CO 2 fluxes, and therefore cannot capture recent changes in these fluxes, such as those reported for the Southern Ocean [Le Quéré et al., 2007; Lovenduski et al., 2008] , the North Atlantic [Schuster and Watson, 2007] , the tropical Pacific [Takahashi et al., 2003; Feely et al., 2006] , or the North Pacific [Keeling et al., 2004; Takahashi et al., 2006] .
Data and Methods
[9] We provide here an abbreviated description of the ocean inversion method, and focus on how we assessed the errors. The reader interested in more details is referred to the underlying publications by Mikaloff Fletcher et al. [2006] and Mikaloff Fletcher et al. [2007] and their respective online auxiliary materials.
1 A brief summary is also provided for the pCO 2 -based fluxes of Takahashi et al. [2008] , particularly with regard to our estimation of the associated errors. Finally, we describe our methods to estimate the contemporary oceanic transport of carbon, in particular how we can combine the pCO 2 -based fluxes with the oceanic inventory of anthropogenic CO 2 to arrive at a second, independent estimate of this transport.
Ocean Inversion
[10] The ocean inversion method is based on the premise that the ocean interior distribution of a soluble gas directly reflects the exchange of this gas across the air-sea interface, provided that it has no sources or sinks in the interior. Therefore, if ocean transport and mixing can be reversed, then regionally resolved air-sea fluxes of this gas can be inferred from ocean interior data by applying this ''inverse'' transport to the data [Gloor et al., , 2003 . In our case, this ''inverse'' transport is determined by releasing passive dye tracers at the surface of 30 prescribed regions in an Ocean General Circulation Model (OGCM). The model is integrated forward in time, resulting in the spreading of the dye tracers from the surface into the ocean's interior. The dye tracers are then sampled at locations and times corresponding to the space-time distribution of the observations. Because of their very different atmospheric histories, separate dye tracer simulations are undertaken for natural and for anthropogenic CO 2 [Gloor et al., 2003; Mikaloff Fletcher et al., 2006 . In the final inversion step, the sampled dye tracers, often referred to as basis functions, are combined linearly such that they match a set of observations most closely. The final airsea flux estimates are then obtained by multiplying the scaling factors with the amount of dye tracer released in each region to simulate the basis functions.
[11] The anthropogenic CO 2 inversions used basis functions that were constructed by letting the source strength of the dyes to increase in line with the rise in atmospheric CO 2 [Mikaloff Fletcher et al., 2006] . The model simulated basis functions were then sampled at the time and location for which data-based estimates of anthropogenic CO 2 (C ant ) on the basis of the DC * method [Gruber et al., 1996] are available. The natural CO 2 inversions used basis functions that were created by keeping the source strength of the dyes constant through time, resulting, after several thousand years of integration, in basis functions that have a constant spatial pattern [Mikaloff Fletcher et al., 2007] . Those basis functions were then also sampled at the locations, for which data-based estimates of the gas-exchange component of dissolved inorganic carbon, i.e., DC gas ex , are available. The conservative tracer DC gas ex was estimated from observations of dissolved inorganic carbon (DIC), data-based estimates of C ant , and several other tracers following the formulation of Gruber and Sarmiento [2002] . The GLODAP database was used as data source for both C ant and DC gas ex .
[12] Owing to a combination of data limitation and signal dispersion, we found that the inversion cannot reliably resolve the partitioning of the air-sea fluxes into all 30 regions. We addressed this limitation by combining, after the inversion, those regions whose partitioning is ill constrained. We identified these regions on the basis of an analysis of the matrix of region-region flux covariances [Mikaloff Fletcher et al., 2007] . This results in our reporting flux estimates for 23 regions.
Error Assessment of Ocean Inverse Fluxes
[13] For the ocean inversion, two sources of errors need to be considered: First, the uncertainties (random errors) and potential biases (systematic errors) associated with the data, and second, the potential biases in ocean transport. As the inversion makes use of a very large number of observations (more than 60,000), the impact of the random errors in the data turns out to be negligible. We therefore focus on the impact of the potential biases only.
[14] Matsumoto and Gruber [2005] reviewed and assessed the systematic errors associated with the DC * -derived estimates of C ant in detail and concluded that many of the potential biases tend to cancel, so that the distribution of C ant tends to be relatively robust. They identified, however, a tendency for C ant to be overestimated in the upper ocean and to be underestimated in the deeper ocean, with a possible overestimation of the global inventory of about 7%. Mikaloff Fletcher et al. [2006] small but that any change in the global inventory will lead to a nearly equal relative change in the global uptake flux of anthropogenic CO 2 . Hence, a possible 7% reduction of the global inventory of anthropogenic CO 2 will cause a nearly 7% reduction in the global uptake flux of anthropogenic CO 2 in our inversion. Without a careful revaluation of the global inventory of anthropogenic CO 2 , it is premature, however, to adjust our flux estimate.
[15] The main source of systematic error in DC gas ex is a possible bias in the carbon-to-phosphorus stoichiometric ratio, r C:P , used to remove from DIC the contribution of organic matter formation and decomposition. Mikaloff Fletcher et al. [2007] investigated the impact of this uncertainty, as well as that caused by uncertainty of C ant , on the inferred estimates of the air-sea flux of natural CO 2 and showed that the resulting differences in the estimated air-sea fluxes of natural CO 2 are generally smaller than those arising from the use of the different OGCMs.
[16] In order to account for the error in ocean transport stemming from potential biases in the employed OGCMs, we use dye tracer simulations from a suite of 10 OGCMs, which span nearly the entire range of model behavior exhibited by the current generation of global-scale OGCMs used to model ocean biogeochemical processes Doney et al., 2004] . These dye-tracer simulations were undertaken by six different modeling groups: Princeton (PRINCE), Massachusetts Institute of Technology (MIT), Bern-Switzerland (Bern3D), Jet Propulsion Laboratory (ECCO), National Center for Atmospheric Research (NCAR), and University of Liège-Belgium (UL) (described in detail by Mikaloff Fletcher et al. [2006] ). Princeton provided results from five different configurations of their model [Gnanadesikan et al., 2002 [Gnanadesikan et al., , 2004 . The use of this large range of models permits a much improved assessment of model transport uncertainties compared to Gloor et al. [2003] , who used only three configurations of the same OGCM, and Jacobson et al. [2007a Jacobson et al. [ , 2007b , who used only the Princeton suite of model configurations (albeit with different dye flux pattern within each region). The inverse estimates from the different models were aggregated to a mean flux, whereby each model was weighted according to a skill score [Taylor, 2001] to account for the substantial differences in the model's ability to correctly simulate the oceanic distribution of passive tracers. For the natural CO 2 inversions, we used a skill score based on natural radiocarbon, while for the anthropogenic CO 2 inversions, we used a score based on chlorofluorocarbons (CFC). In both cases, observations were taken from GLODAP .
[17] Despite large differences in model architecture, setup, and forcing, the employed OGCMs share certain shortcomings. This means that the weighted mean fluxes cannot necessarily be viewed as unbiased estimates. The most important shared shortcoming of all employed OGCMs is their coarse resolution, which requires the parameterization of mesoscale processes. Furthermore, all of the models use z coordinates as their vertical discretization, leading to potential problems when flow over steep topography has to be resolved, for example. Common problems in the resulting ocean circulation fields are (1) a too southerly formation region for North Atlantic Deep Water (NADW), which results in a too shallow southward flowing of NADW, (2) equatorial current systems that are often only partially resolved, (3) a strong sensitivity of the modeled circulation fields to small changes in the parameters for subgrid-scale parameterization, and (4) problems with the correct formation of intermediate and deep waters in the Southern Ocean. Finally, all models were forced with a seasonally resolved climatology based on data from the second half of the 20th century. As a result, none of these models include the potential effects of climate variability and change on ocean circulation.
Air-Sea Fluxes of River-Derived Carbon
[18] The steady state outgassing of natural CO 2 caused by the input of organic and inorganic carbon by rivers [Sarmiento and Sundquist, 1992] must be properly considered in order to be able to compare our inverse estimates of the air-sea CO 2 fluxes with those based on the air-sea difference of pCO 2 . It appears that our inversion of DC gas ex only partially resolves this steady state outgassing flux of natural CO 2 . This conclusion is based on our finding of a global near-zero flux of natural CO 2 in the absence of our imposing such a constraint. We interpret this as evidence that our natural CO 2 flux estimates are based on a nearly ''perfect'' inversion; that is, we assume that the DC gas ex data reflect both the addition of inorganic carbon from rivers (either directly as DIC or by the remineralization of organic carbon), which the inversion erroneously interprets as an uptake of CO 2 from the atmosphere, as well as the loss of inorganic carbon due to the outgassing of this riverine CO 2 , which the inversion interprets correctly as an air-sea flux. This requires an adjustment of the ''raw'' natural CO 2 flux estimates to obtain a correct estimate of the global net air-sea flux of CO 2 (see Text S1 for a more detailed discussion).
[19] Following Jacobson et al.
[2007a], we adopt a global total outgassing of +0.45 Pg C a
À1
, which is partitioned among all regions using spatially resolved estimates of the carbon input by rivers [Ludwig et al., 1996] . The magnitude of this river outgassing-induced adjustment and its spatial allocation is very uncertain, resulting in our assigning a ±50% uncertainty to these flux adjustments.
Air-Sea Fluxes Derived From pCO 2 -Data
[20] Relative to the pCO 2 climatology described by Takahashi et al. [2002] , the new climatology by Takahashi et al. [2008] includes several improvements: First, the total number of pCO 2 observations was tripled to nearly 3 million, with the largest improvement occurring in the southern hemisphere (especially south of 50°S). Second, in the high latitudes, the assumptions required to correct the oceanic pCO 2 observations stemming from several decades to a single reference year (year 2000) were substantially altered. In previous climatologies, the pCO 2 in the high latitudes was assumed to have a growth rate that is much smaller than that of the rest of the surface ocean, which was assumed to follow the atmospheric pCO 2 growth rate. In contrast, Takahashi et al. [2008] assumed for the new climatology that all oceanic regions have the same rate of increase of 1.5 matm a À1 . This change contributed to the significant reduction in the magnitude of the sea-air pCO 2 differences in comparison to Takahashi et al. [2002] and hence the magnitude of the CO 2 sink flux over the Southern Ocean. Third, a new parameterization was used to estimate oceanic pCO 2 during wintertime in regions with high seaice concentrations.
[21] Takahashi et al. [2008] computed the net air-sea flux from the monthly pCO 2 climatology using climatological mean monthly values for wind speed (10 meters above surface) and ice cover percentage estimated on the basis of the NCEP Reanalysis 2 data. A square dependence of the gas transfer velocity on the windspeed was employed for the central flux estimate, but with a coefficient (0.26) that is considerably smaller than that previously used in order to account for the emerging evidence of a smaller oceanic inventory of bomb radiocarbon than previously assumed [Naegler et al., 2006; Sweeney et al., 2007; Peacock, 2004; Müller et al., 2008] .
[22] While Takahashi et al. [2008] did not provide regionally resolved uncertainties for their fluxes, they estimated an error of the global flux of about ±50%, with the largest contributions stemming from uncertainties in the gas transfer velocity and the annual rate of change of surface ocean pCO 2 (determined over only 27% of the global oceans). In order to obtain regionally resolved estimates of the error associated with the pCO 2 -derived fluxes, we focus on the contribution of the gas transfer velocity, and recomputed the fluxes using 6 different gas-transfer velocity models: The linear windspeed dependent model of Krakauer et al. [2006] scaled to a global mean gas transfer velocity of 19 cm h À1 , the squared windspeed dependent models of Wanninkhof [1992] , of Nightingale et al. [2000] , of Ho et al. [2006] , and of Sweeney et al. [2007] , and the cubic windspeed dependent model of Wanninkhof and McGillis [1999] . The (unweighted) standard deviation of the 6 resulting flux estimates was used as an uncertainty estimate. We recognize that not all 6 gas transfer velocity models can be viewed as equally well supported by independent data. In particular, there is mounting evidence that the cubic windspeed dependent model of Wanninkhof and McGillis [1999] is the least likely to be correct [Krakauer et al., 2006; Sweeney et al., 2007] . We nevertheless keep this gas transfer model in our set, not the least in order to reflect other errors in the pCO 2 -based estimates. For most regions, our procedure resulted in a relative error estimate of between about 30 to 50%, consistent with the estimated uncertainty of the globally integrated flux.
Ocean Transport
[23] The contemporary oceanic transport of carbon implied by the air-sea fluxes of the ocean inversion is calculated by first computing individually the implied oceanic transports of natural and anthropogenic carbon, and then adding the two. We thereby neglect the possible transport of river-derived carbon. This is in accordance with our assumption made above that nearly all carbon added by rivers is lost to the atmosphere in the same large-scale region where it was added, i.e., that there is very little long-range transport of river derived carbon. This assumption disagrees with the conclusions drawn by Aumont et al. [2001] , who argued that a substantial fraction of the river derived carbon is transported great distances in the ocean before it is vented back to the atmosphere. However, the assumptions made in their standard scenario are at the upper bound of what is presently considered defensible about the fate of riverderived carbon in the ocean, both with regard to their choice of using a high fraction that escapes estuaries, as well as with regard to their selection of a very long lifetime (1000 years) of the river-derived dissolved organic carbon (DOC) (see discussion by Jacobson et al. [2007a] ). Arguably, the current level of understanding of the fate of riverderived carbon is very low, so that neither assumption can be excluded at present.
[24] As the natural carbon cycle is assumed to be in steady state, the implied transport can be directly calculated by integrating, from the north to the south, the air-sea fluxes, taking into consideration the net transports of natural carbon across the Bering Strait (0 Pg C a À1 ) and the Indonesian Throughflow (0.10 ± 0.02 Pg C a À1 , positive northward). These throughflows were estimated on the basis of the model simulated mass transports and the observed concentration of DC gas ex . As a result, these estimates include only that component of DIC that exchanges with the atmosphere. For details, the reader is referred to Mikaloff Fletcher et al. [2007] . For calculating the transport of anthropogenic CO 2 , the same procedure is adopted, except that a storage term (rate of change of inorganic carbon due to the accumulation of anthropogenic CO 2 ) needs to be considered as well, i.e., the integral consists of the sum of the air-sea fluxes and the vertically integrated storage term. For the throughflows, a value of 0.007 Pg C a À1 was used for the Bering Strait and -0.19 Pg C a À1 for the Indonesian Strait, also based on model transports and observational estimates of C ant . For details regarding the transport of anthropogenic CO 2 , the reader is referred to Mikaloff Fletcher et al. [2006] .
[25] A second, independent estimate of the contemporary ocean transport can be derived from the pCO 2 -based air-sea flux estimates, provided one can correct for the river input of carbon and its subsequent outgassing (F river ), and one can estimate the storage term that arises in the ocean as a result of the uptake of anthropogenic CO 2 (vertically integrated rate of change of DIC, i.e. R (dDIC/dt) dz). We thus estimate the transport of carbon, T(y), in meridional direction (y) from the pCO 2 -derived air-sea flux estimate (F sa , positive upward) by the integral:
where T(y 0 ) is the transport at the northern boundary, and where the integral is evaluated from the north to the south. We estimate the storage term from GLODAP's column inventory of anthropogenic CO 2 , C ant (t), taking advantage of the result that in a transient steady state [Gammon et al., 1982] , the rate of change of a transient tracer is directly proportional to its total burden, especially when integrated vertically from the bottom of the ocean, -H, to the surface (see also Mikaloff Fletcher et al. [2006] and Tanhua et al. [2007] ), i.e.,
[26] The proportionality factor g can be determined from the ratio between the global rate of oceanic uptake of anthropogenic CO 2 (1.9 Pg C a À1 ) [Takahashi et al., 2008] and the global oceanic inventory of anthropogenic CO 2 (118 Pg C) [Sabine et al., 2004] , i.e., 1/62 a À1 . This approximation works for CO 2 as long as the change in the buffer factor resulting from ocean acidification remains small. This proportionality factor is expected to be spatially very uniform, as spatial variations in the buffer factor are already reflected in the variations in the anthropogenic CO 2 column burden.
[27] For the river fluxes, F river , we assume, as above, that the river loop does not involve long-range transport in the ocean, and therefore directly use our previously estimated river-induced air-sea fluxes of CO 2 (positive upward). Since the Arctic and the northern North Atlantic are not covered by GLODAP, the integral is only evaluated south of 62°N, requiring the specification of a transport T(y 0 ) at this boundary. We chose a value of À0.06 Pg C a À1 at 62°N in the North Atlantic on the basis of the ocean inverse transport estimates.
Contemporary Air-Sea Fluxes

Large-Scale Distribution
[28] The contemporary air-sea CO 2 fluxes, aggregated to 10 large-scale regions for clarity, show the familiar annual mean pattern of outgassing of CO 2 in the tropical regions and uptake of atmospheric CO 2 nearly everywhere else ( Figure 1a ) (a listing of the estimated fluxes for all 23 regions and for a nominal year of 1995 is given in Table S1 ). The strongest outgassing is diagnosed in the tropical Pacific, where we find an outgassing of nearly +0.4 Pg C a
À1
. The temperate latitude regions in the different ocean basins contribute nearly equally to the oceanic sink for atmospheric CO 2 , with an uptake flux between $À0.2 and $À0.5 Pg C a
. The high-latitude regions, i.e., the North Atlantic and Arctic (>49°N), and the Southern Ocean (<44°S), are comparatively weak sink regions. At the hemispheric scale, we find that the southern hemisphere extra tropics (<18°S) is the largest sink region, with an uptake of À1.4 ± 0.3 Pg C a À1 , mostly reflecting its large surface area. By contrast, the contemporary uptake flux of the northern hemisphere extra tropics (>18°N) accounts for only À0.9 ± 0.1 Pg C a À1 (Table S1 ). The total outgassing in the tropics (18°S to 18°N) amounts to +0.6 ± 0.1 Pg C a À1 . This results in a global contemporary net uptake of CO 2 of À1.7 ± 0.4 Pg C a À1 . As will be discussed below in more detail, this global integral consists of an anthropogenic CO 2 uptake flux of À2.2 ± 0.3 Pg C a À1 [Mikaloff Fletcher et al., 2006] (for a nominal year of 1995) and a net natural CO 2 outgassing flux of +0.5 ± 0.2 Pg C a À1 , with the latter almost entirely driven by the outgassing of river derived CO 2 .
[29] The comparison of our inverse estimates of the contemporary air-sea CO 2 flux with a selection of the most recent independent estimates reveals a relatively consistent pattern in the northern hemisphere, but larger differences in the southern hemisphere, particularly in the temperate South Pacific and in the Southern Ocean (Figure 1a ). Included in this comparison are three fundamentally different types of flux estimates: The first is the pCO 2 based estimate of Takahashi et al. [2008] , the second stems from forward simulation results by 13 ocean biogeochemistry models that participated in the 2nd phase of the Ocean Carbon-cycle Model Intercomparison Project (OCMIP-2) [Watson and Orr, 2003; Najjar et al., 2007] , and the third is based on an interannual inversion of atmospheric CO 2 undertaken by the TransCom-3 intercomparison project [Baker et al., 2006 ] (the so-called level 3 inversion of TransCom). Since the latter two estimates involve models to a substantial degree, we first focus our discussion on the comparison with the most recent pCO 2 -based estimate of Takahashi et al. [2008] .
Regional Comparison
[30] At this aggregated scale, our inverse estimates of the contemporary air-sea CO 2 flux and the new pCO 2 -based estimate agree with each other to generally within better than 0.1 Pg C a À1 (Figure 1a ). The largest exception is the temperate South Pacific (ocean inversion regions 20-24), where the ocean inverse uptake estimate of À0.46 ± 0.11 Pg C a À1 exceeds the pCO 2 based flux by 0.18 ± 0.15 Pg C a À1 . The temperate South Pacific is among the least sampled regions in terms of pCO 2 . Several 4 Â 5°grid cells have no observations at all [see Takahashi et al., 2008, Figure 1] , and about 15% of all grid cells have observations for only a single month. The seasonal coverage is such that, on average, each grid cell has observations for only 5 out of the 12 months. As a result, a substantial amount of extrapolation had to be undertaken in order to create a pCO 2 climatology that contains values for all grid cells and all months of the year. Since the pCO 2 in the surrounding regions tends to be higher, it is conceivable that the resulting interpolated pCO 2 fields are biased high, resulting in a pCO 2 -based flux estimate that is biased toward a smaller sink. The ocean inverse estimates may be biased as well, particularly since the inversion has some problems to separate the fluxes between the western temperate South Pacific (regions 20 and 22) and the subpolar South Pacific and South Indian (regions 25 and 30).
[31] The next exceptions are the northern North Atlantic/ Arctic (regions 1 -2) and the temperate North Atlantic regions (regions 3 -4). In the former region, the inverse uptake estimate is 0.15 ± 0.14 Pg C a À1 smaller than the pCO 2 -based flux estimate, whereas in the latter region, the inverse uptake estimate exceeds that on the basis of the pCO 2 data by 0.12 ± 0.12 Pg C a À1 ; that is, the inversion puts the maximum of the North Atlantic uptake further south in comparison to what the pCO 2 data indicate. Since the data coverage for the pCO 2 climatology for this region is among the best worldwide, it is unlikely that the lack of data is responsible for this discrepancy. A more likely reason is the shared problem among all OGCMs employed here of having a tendency to produce NADW too far south, with little or no formation in the Nordic Seas, and with the southward flow of this water mass in the Atlantic occurring at too shallow depths [Doney et al., 2004] . In the inversion, this circulation bias tends to cause an erroneous southward shift in the region of uptake of both natural and anthropogenic CO 2 in the North Atlantic [Mikaloff Fletcher et al., 2006 , explaining why the inverse uptake flux of CO 2 exceeds that based on pCO 2 in the temperate North Atlantic and underestimates the uptake in the northern North Atlantic and in the Arctic. This interpretation is confirmed by the nearly negligible difference of 0.02 Pg C a À1 when the sum of the fluxes from these two regions is compared.
[32] The generally good agreement at the aggregated level of 10 regions exists even when comparing the two flux estimates at the full 23 region resolution of the ocean inversion (Figure 2 ). With only two exceptions, the two flux estimates still agree with each other to within better than 0.10 Pg C a
À1
. The standard deviation of the difference between the two estimates is 0.08 Pg C a
, only slightly larger than the estimated error for each method within each region, which amounts, on average, to 0.06 Pg C a À1 for the inversion, and 0.05 Pg C a À1 for the pCO 2 based estimates. Thus, for the most part, the two estimates are statistically indistinguishable. But there are notable exceptions.
[33] In the temperate South Pacific, this more detailed analysis reveals that the majority of the discrepancy identified above occurs in the western part, i.e., west of about 120°W (regions 20 and 22), since the net fluxes in the eastern part (regions 21 and 23-24) are small and differ little between the two estimates. Although the data coverage in the western region is somewhat better than that in the eastern region, the average grid cell in this region still contains observations for only 6 months out of 12, on average, requiring a substantial amount of interpolation in a region of high uptake fluxes. Takahashi et al. [2008] , the mean estimates based on results from the 13 ocean biogeochemistry models that participated in the second phase of the Ocean Carbon-cycle Model Intercomparison Project (OCMIP-2) [Watson and Orr, 2003] , and the mean estimates from the TransCom-3 project based on the interannual (level 3) inversions of atmospheric CO 2 [Baker et al., 2006] . The uncertainties for the OCMIP-2 estimates reflect the (unweighted) standard deviation across the 13 models, while the uncertainties for the TransCom estimates were obtained by quadrature of the within and between model errors reported by Baker et al. [2006] . (b) Weighted mean estimates of the natural, anthropogenic, river-induced, and contemporary air-sea fluxes of CO 2 based on our ocean inversion [Mikaloff Fletcher et al., 2006 . The results are aggregated to 10 regions from the 23 regions solved for in the inversion for reasons of clarity. Error bars denote the cross-model weighted standard deviation of the mean. The anthropogenic and contemporary CO 2 fluxes are for a nominal year of 1995.
[34] In the North Atlantic, this more finely resolved depiction makes the southward shift of the maximum sink strength in the ocean inversion relative to the pCO 2 -based estimates even more evident. It shows that it is primarily the relative allocation of the North Atlantic sink between the midlatitude North Atlantic (region 3, 36°N À 49°N) and the subpolar North Atlantic (region 2, 49°N À 76°N) that causes the discrepancy, consistent with our interpretation that this mismatch is primarily caused by a common bias in the OGCMs, i.e., that the ocean inverse estimates are spatially biased.
[35] The higher-resolution estimates reveal also a slightly different regional attribution of the North Pacific sink. The inversion suggests a stronger zonal gradient in the fluxes with a stronger sink in the west, primarily in the western subtropical North Pacific (regions 13-14) and a weaker sink in the east (subpolar North East Pacific, region 12). In contrast, the pCO 2 -based estimate has a zonally more uniform distribution. The difference (inversion minus pCO 2 climatology) amounts to À0.07 ± 0.17 Pg C a À1 in the western subtropical North Pacific and to 0.10 ± 0.07 Pg C a À1 in the subpolar North East Pacific. Since the North Pacific also belongs to the well-sampled regions in the pCO 2 climatology of Takahashi et al. [2008] , it is unlikely that undersampling is causing this discrepancy. But the substantial decadal changes in the upper ocean carbon cycle in this region Keeling et al., 2004] in connection with the temporal distribution of the pCO 2 observations could have led to a temporal sampling bias in the pCO 2 -based flux estimate, i.e., that in one region the fluxes represent primarily the conditions of one time period, while for the other region, the fluxes represent the conditions of another time period. However, the most likely explanation is a common bias in the OGCMs. Many global OGCMs have difficulties in simulating upper ocean physics correctly in this region [Gnanadesikan et al., 2002] . In particular, many models fail to reproduce the seasonal dynamics of upper ocean mixing, resulting in strong biases in mixed layer depth and other properties compared to observations [see, e.g., McKinley et al., 2006] . It is therefore conceivable that these circulation biases have caused the ocean inversion to allocate the sink further to the west in comparison to what the pCO 2 climatology would suggest.
Southern Ocean Fluxes
[36] By far the largest discrepancy emerges in the Southern Ocean south of 44°S. While the total sink strength south of 44°S agrees very well between the two estimates (inversion: À0.34 ± 0.20 Pg C a À1 ; pCO 2 climatology: À0.30 ± 0.17 Pg C a À1 ), they suggest a strikingly different meridional distribution of the fluxes: The pCO 2 -based estimate puts all of the sink into the Subantarctic region between 44°S and 58°S, and Table S1 for the region name). Positive fluxes indicate outgassing.
suggests that the region south of 58°S, i.e., south of the Antarctic Polar Front (APF) is mostly a source to the atmosphere (see also Figures 4a and 4b) . In contrast, the ocean inversion finds a more uniform distribution, in spite of the substantial changes in oceanographic processes across 58°S. The Subantarctic region north of 58°S remains ice-free year round and is therefore also referred to as the Permanently Open Ocean Zone (POOZ), while much of the region south of 58°S experiences a seasonal cycle of sea-ice coverage, and is therefore referred to as the Seasonal Ice Zone (SIZ). The difference between the two flux estimates are larger than anywhere else: In the Subantarctic the difference (inversion minus pCO 2 climatology) amounts to 0.20 ± 0.24 Pg C a À1 , while the same difference is À0.25 ± 0.11 Pg C a À1 in the Antarctic zone.
[37] Given these large regional differences within the Southern Ocean, is the absence of a large difference between the ocean inversion and the pCO 2 climatology at the scale of the entire Southern Ocean south of 44°S robust? Or in other words, how much can we trust our finding of a relatively small Southern Ocean uptake of about $ À0.3 Pg C a À1 ? Mikaloff Fletcher et al. [2006, 2007] and Jacobson et al. [2007b] undertook detailed studies to determine the errors of the inversely estimated fluxes resulting from uncertainties in the data, from assumptions associated with the determination of DC gas ex and C ant , and from errors in the OGCMs used to construct the basis functions. These studies concluded that the inversely estimated fluxes, once aggregated to the entire Southern Ocean are remarkably robust, and that the crossmodel uncertainties reported here are a good measure of the overall error of the flux estimates.
[38] This conclusion does not hold, however, at the regionally more resolved level. The inversion results from the individual models reveal, in part, a diametrically opposing pattern within the Southern Ocean (see Figure S1 ). Some models (e.g., one variant of the Princeton suite of models) estimate a very strong uptake in the Antarctic zone and outgassing in the Subantarctic, while others (e.g., the ECCO model) are nearly neutral in the Antarctic and suggest a strong uptake in the Subantarctic. A closer inspection reveals that much of this large variance in the flux estimates of the different models is due to how strongly the two component fluxes that make up the contemporary flux cancel each other, i.e., how much the outgassing of natural CO 2 is compensated by the uptake of anthropogenic CO 2 (see section 3.6 below for a more detailed discussion of the cancellation of these two component fluxes). This is related to how and where these models form intermediate, deep, and bottom waters in the Southern Ocean [Dutay et al., 2002] . Some models tend to form deep and bottom waters by open ocean convection, while others tend to form it exclusively along the Antarctic continent. Modeling ocean physics in this region has remained challenging for global coarse resolution models [e.g., Caldeira and Duffy, 2000; Doney and Hecht, 2002; Doney et al., 2004] , although recent high-resolution simulations suggest a substantial improvement once the OGCMs start to resolve the mesoscale dynamics more explicitly [e.g., Lachkar et al., 2007] . Lacking an eddy-resolving model among our OGCMs, we have to accept this shortcoming. We nevertheless note that the model with the highest skill score (NCAR), suggests a relatively uniform meridional distribution, similar to what the mean of all models suggest. Another concern is the relatively high degree of posterior correlation in the fluxes estimated for the three oceanic regions south of 44°S. This leads to potential instabilities in the solutions, such that the flux in each region may shift strongly in response to small changes in the data, while keeping the total flux invariable.
[39] Despite the large regional differences within the Southern Ocean, the fluxes estimated by the individual models converge at the level of the entire Southern Ocean to the reported À0.34 ± 0.20 Pg C a À1 (individual model estimates range from À0.72 to À0.15 Pg C a À1 ). Thus, it appears as if the data constraints used in the inversion provide a ''clamp'' on the fluxes at the scale of the entire Southern Ocean, but that this clamp is weak at the regional level, exposing the large model-to-model differences in ocean physics in the Southern Ocean.
[40] As noted above, the uncertainty associated with the pCO 2 based flux estimates is mostly caused by possible sampling biases, uncertainties in the magnitude of the adjustment needed to bring all observations to a common date, and the uncertainties associated with the gas transfer velocity. The error that we assigned to the flux estimates is based on the use of 6 different models of the gas transfer velocity, so that this error already has been taken into account explicitly. If we consider that the extreme case, i.e., the cubic wind speed relationship of Wanninkhof and McGillis [1999] is quite likely the least likely to be correct [see, e.g., Ho et al., 2006] , the error in the Southern Ocean stemming from errors in the gas transfer velocity may not exceed 0.1 Pg C a
À1
. The sampling bias is more difficult to assess, but we note that the new pCO 2 climatology has over 1 million observations south of 44°S, with reasonably good coverage in all seasons. Using the concurrently sampled temperature as a proxy, Takahashi et al. [2008] estimate the potential bias in the annual mean oceanic pCO 2 in the POOZ to be around ±2 matm, which translates into a possible flux bias of around ±0.10 Pg C a À1 for this region. In the SIZ, the sampling is poorer, particularly in the vicinity of sea-ice. The observations analyzed by Takahashi et al. [2008] suggest that in this area the waters in the vicinity of sea-ice have very high pCO 2 during wintertime, prompting them to develop and apply a parameterization to capture this effect. This parameterization is responsible for much of the large increase in the pCO 2 climatology in the SIZ between the 2002 and 2008 version of the climatology [see Takahashi et al., 2008, Figure 11 ]. This parameterization needs to be reevaluated once new data become available, but its influence on the error of the SIZ flux is unlikely much larger than 0.1 to 0.2 Pg C a
. Taken together, our reevaluation of the error of the pCO 2 -based flux estimate in the Southern Ocean suggests that it is likely not larger than about ± 0.25 Pg C a À1 (RMS), only slightly larger than our original error estimate of ± 0.17 Pg C a À1 .
[41] In summary, the relatively small net uptake fluxes in the Southern Ocean of $ À0.3 Pg C a À1 appear robust in both estimates. This conclusion supports a growing list of studies that came to similar results using rather different approaches, such as atmospheric inversion studies [e.g., Gurney et al., 2002; Roy et al., 2003 ] (more in section 3.4 below) and estimates based on surface ocean DIC and alkalinity measurements [McNeil et al., 2007] . However, the regional distribution within the Southern Ocean remains to be firmly established. In particular, the possible net outgassing of carbon in the Antarctic, a feature that appears for the first time in the 2008 version of the pCO 2 climatology needs to be viewed with caution (see Figure S2 ). Despite these significant differences at the regional level, the agreement between the inversely estimated contemporary fluxes and those estimated from the most recent pCO 2 climatology is remarkable, particularly considering that they are based on entirely independent constraints and assumptions. In the case of the ocean inversion, the flux estimates are based solely on information provided by ocean interior carbon data, which are interpreted with the help of transport and mixing estimates stemming from a suite of OGCMs. In the case of the new pCO 2 -based estimates, the main constraint are the pCO 2 observations, from which the flux is estimated using assumptions about the gas transfer velocity.
Comparison With Other Air-Sea Flux Estimates
[42] The ''top down'' estimates of the air-sea fluxes based on the interannual inversion of atmospheric CO 2 (TransCom-3 Level 3) agree remarkably well with the ''bottom up'' estimates based on the oceanic inversion or on the surface ocean pCO 2 data with the exception of the temperate South Pacific (Figure 1 ). Such atmospheric inversions are methodologically similar to that used here for the ocean, except that they can resolve temporal changes in the fluxes by considering the temporal evolution of the spatial distribution of atmospheric CO 2 . In the case of the interannually varying TransCom-3 Level 3 inversion, monthly mean atmospheric CO 2 data for each month from 1988 until 2003 were used, resulting in monthly mean fluxes across this period [Baker et al., 2006] . In prior TransCom-3 experiments (level 2 and level 1), less temporal change is considered, as level 2 inverts the monthly mean data of a climatologically averaged year (1992) (1993) (1994) (1995) (1996) [Gurney et al., 2004] , and level 1 inverts just the annual mean atmospheric CO 2 distribution (1992) (1993) (1994) (1995) (1996) ; that is, no temporal change is considered [Gurney et al., 2002 [Gurney et al., , 2003 .
[43] One would expect the atmospheric inversion results to be in reasonably good agreement with the ocean pCO 2 -based estimates, as the latter are used as prior estimates in the inversion of atmospheric CO 2 , so that deviations from these estimates should occur only if these priors turn out to be inconsistent with the atmospheric CO 2 data. However, in the TransCom inversions, these priors were assigned large uncertainties, so that the constraint from the priors is relatively weak (a notable exception is the lack of consideration of possible covariances, which can lead to biases even in the presence of weak priors [Jacobson et al., 2007a] ). This is illustrated by the fact that the mismatch between the ''top down'' results from the atmospheric inversion and the ''bottom up'' estimates is substantially larger for the seasonal mean (cyclostationary) setup (TransCom 3 level 2), and for the annual mean setup (TransCom 3 level 1) (Figure 3) , despite the fact that all atmospheric inversions used the same priors.
[44] Therefore, the mismatches between the top down and bottom up estimates reflect primarily the relatively small information content of atmospheric CO 2 with regard to Figure 3 . Comparison of the ocean inversion estimate of the contemporary air-sea CO 2 flux with the three atmospheric CO 2 inversion setups considered by TransCom. Level 1 is the annual mean inversion setup [Gurney et al., 2002 [Gurney et al., , 2003 ], level 2 is the cyclostationary seasonal mean inversion setup [Gurney et al., 2004] , and level 3 is the interannually varying setup [Baker et al., 2006] . For levels 1 and 2, the fluxes are based on mean data from 1992 through 1996, whereas for level 3, the fluxes are the average fluxes for the period 1991 through 2000. For simplicity, the ''within'' (data) error and the ''between'' (model) error of the TransCom estimates have been combined to a single error by RMS. For the level 1, the results from an inversion without the Darwin station are plotted. Positive fluxes indicate outgassing. air-sea CO 2 fluxes (see detailed discussion by Jacobson et al. [2007a] ). This problem is particularly severe in the tropics and the temperate Southern hemisphere, as these regions have an inadequate number of atmospheric observation stations. As a result, small changes in the selection of the stations [Gurney et al., 2008; Patra et al., 2006] or in the setup of the inversion (Figure 3 ) can lead to large shifts in the inversely estimated fluxes. The regions that seem to be most affected are the tropical Indian Ocean and the temperate South Pacific. In essence, the atmospheric CO 2 inversion treats these areas as unconstrained, permitting it to alter their fluxes substantially in order to match better data constraints elsewhere.
[45] This appears to be less the case in the Southern Ocean, where the large number of atmospheric CO 2 observation stations and the absence of land make the air-sea flux results from the atmospheric CO 2 inversions more robust [Gurney et al., 2002] . The level 3 inversion result is in excellent agreement with the two bottom up estimates in the region south of 44°S (Figure 1a ) in suggesting a relatively small contemporary carbon sink in this region (À0.25 ± 0.13 Pg C a
À1
). This finding of such a small sink in the atmospheric inversion is remarkable, as a large carbon sink of À0.88 Pg C a À1 was used as prior, on the basis of the earlier pCO 2 climatology of Takahashi et al. [2002] (see Figure S2 ). With this substantial reduction of the Southern Ocean carbon sink, the level 3 inversion continued a tendency exhibited by all TransCom inversions, i.e., to reduce the large prior carbon sink in that area [e.g., see also Roy et al., 2003] . We thus regard this tendency as robust.
[46] The reasons why the interannually varying inversion (level 3) results agree better with the bottom up estimates than the level 1 and 2 results are not known presently. The slightly different time periods can be excluded as an explanation (level 3 uses data from 1992 through 2000, while level 1 and 2 use data from 1992 through 1996 only), since Baker et al. [2006] showed only modest changes in the mean fluxes between the two periods. However, these three studies used slightly different global constraints, such as atmospheric growth rate and fossil fuel emissions for the same periods, possibly causing shifts in the fluxes over ill constrained regions, such as the South Pacific. Another candidate explanation are differences in the employed atmospheric CO 2 network, as air-sea fluxes from atmospheric inversion studies tend to be rather sensitive to changes in the selection of observing stations [see, e.g., Patra et al., 2006; Gurney et al., 2008] . A last possible explanation is that the interannually varying inversion setup is less prone to aliasing effects between atmospheric transport and atmospheric CO 2 observations, an effect that is best known on diurnal or seasonal timescales and often referred to as ''rectifier'' [Denning et al., 1995] .
[47] The air-sea fluxes simulated by the ocean forward models of OCMIP-2 reveal remarkably little difference from the ocean inversion fluxes, with the Southern Ocean standing out as an exception. This comparison is particularly relevant, as several of the OGCMs used for the ocean inverse were also employed as the circulation component for the coupled biogeochemistry circulation models in OCMIP-2. Therefore, some of the differences between the fluxes can be interpreted as reflecting the difference between a run where observations are ''assimilated'' and a run where the model's equations are integrated forward in time without such observational constraints. Given the entirely different nature of these two simulations, the remarkably low level of difference between the inversion and the forward runs suggests high robustness in the modeling of the oceanic carbon cycle. However, this conclusion only holds for the mean fluxes of all models and for the contemporary fluxes. Larger differences emerge for individual models, as well as for the two components, i.e., natural and anthropogenic CO 2 fluxes [Mikaloff Fletcher et al., 2006 . The large discrepancy between forward and inverse results in the Southern Ocean illustrates this.
Here the forward models suggest a sink that is more than twice as large as that found by the inversion. A more detailed analysis reveals that the main reason for the much higher contemporary uptake of CO 2 in the forward models is because of a weaker outgassing flux of natural CO 2 and not because of a stronger uptake of anthropogenic CO 2 . Mikaloff Fletcher et al. [2007] hypothesized that the outgassing flux of natural CO 2 could be biased low in the OCMIP-2 models owing to errors in their common biological model (R. Najjar and J. C. Orr, Design of OCMIP-2 Simulations of Chlorofluorocarbons, the Solubility Pump and Common Biogeochemistry, 1998), particularly errors associated with the seasonal cycle [Najjar et al., 2007] .
[48] In summary, the comparison of four independent means of estimating the contemporary net air-sea CO 2 flux depict a rather consistent picture of the distribution of the time-mean sources and sinks of atmospheric CO 2 over the ocean. The estimates that we have most confidence in, i.e., the oceanic inversion and the oceanic pCO 2 -based estimates show an even greater consistency. But also the other flux estimates do not point toward a substantial unrecognized gap in our ability to quantify these fluxes as nearly all differences can be explained by the known biases in the various estimates. It is particulary noteworthy that both the surface ocean pCO 2 -based estimates and the atmospheric CO 2 inversion-based estimates have converged through subsequent iterations to the flux estimates suggested by the oceanic inversion ( Figures S2 and 3) . However, we need to be aware of the limitations of this comparison. The biggest caveat is that this comparison is limited to the long-time mean fluxes of the 1990s and early 2000s.
Caveats
[49] The convergence of the various independent estimates of the time-mean air-sea CO 2 fluxes is encouraging, but needs to be viewed with caution given a number of caveats. One area of potential concern for the ocean inverse estimates is the fact that the inverted data are not directly observed quantities, but derived properties with all their associated uncertainties. While we have made substantial efforts to quantify the resulting errors in the inversely estimated fluxes [see Mikaloff Fletcher et al., 2006 Fletcher et al., , 2007 , we cannot exclude the possibility for stronger biases. One nagging indication of such a potential problem is the presence of a substantial residual in the DC gas ex tracer after the inversion for the fluxes of natural CO 2 [Mikaloff Fletcher et al., 2007, Figure 7 ]. Although we have argued that the majority of this residual is due to common problems of the ocean transport models, some fraction could also be the result of biases in DC gas ex itself with presently unknown consequences for the fluxes.
[50] Another area of concern is the presence of possibly substantial (and mostly ill constrained) interannual to decadal variability in the upper ocean carbon cycle [e.g., Le Quéré et al., 2000; McKinley et al., 2004; Feely et al., 1999] and possible long-term trends [e.g., Takahashi et al., 2003; Lefèvre et al., 2004; Wetzel et al., 2005; Takahashi et al., 2006; Le Quéré et al., 2007; Schuster and Watson, 2007; Lovenduski et al., 2008] . Although the various estimates discussed here pertain to the decade of the 1990s and early 2000s, they may reflect possible temporal changes in the fluxes rather differently. The ocean inverse fluxes are likely those least affected by changes on interannual to decadal timescales, as ocean mixing will smooth much of the impact of flux variability on the ocean's interior distribution of the tracers. In addition, the basis functions are fitted across data from water parcels across a wide distribution of water ages, so that we expect the ocean inverse fluxes to reflect the time-mean fluxes over much of the 20th century, although the fact that the ocean circulation models were forced with heat and freshwater fluxes from primarily the second half of that century could lead to a slight bias toward this latter period.
[51] Of greater concern is the possibility of a long-term (multidecadal) trend in the (natural) carbon fluxes [Matsumoto and Gruber, 2005] that would violate our assumption of a long-term steady state natural carbon cycle. Keeling [2005] suggested that ocean warming and the resulting increase in oceanic stratification could have led to an outgassing of natural CO 2 of about 7 ± 10 Pg C since 1860. It is reasonable to expect that a substantial fraction of this outgassing occurred since the early 1970s when global surface temperature began to rise quickly [Jones and Moberg, 2003] . Even so, the expected outgassing of natural CO 2 for the 1990s may amount to not more than perhaps 2 Pg C, or less than 0.2 Pg C a À1 , which is less than 10% of the total anthropogenic CO 2 uptake over this period [Sabine and Gruber, 2005] .
[52] The pCO 2 -based estimate reflects the instantaneous fluxes, although averaged over the time period that measurements for a given region are available (most of the observations stem from the 1990s). This varies considerably between the regions, and a proper assessment of its impact requires a separate study. Some of the interannual variability signal has been removed from this climatology, as Takahashi et al. [2008] decided to remove the observations from the tropical Pacific taken during peak El Niño events, but the impact of adding these observations back is relatively small (less than 0.1 Pg C a À1 change in the eastern tropical Pacific). Should a net outgassing of natural CO 2 exist, this net outgassing would have to be added to the pCO 2 based estimate of the oceanic uptake of anthropogenic CO 2 .
Attribution and Processes
[53] As is evident from Figure 1b , the contemporary flux arises as a result of a complex superposition of the anthropogenic and natural CO 2 fluxes, with the former going into the ocean everywhere, and the latter exhibiting a pattern of outgassing in the tropics and uptake in the midlatitudes and northern high latitudes. By definition, the flux of riverderived natural CO 2 is out of the ocean everywhere, with a magnitude that is considerably smaller than either of the two other components.
[54] The Southern Ocean differs from the high northern latitudes as it represents a strong source of natural CO 2 to the atmosphere. At the same time, this region represents the largest sink region for anthropogenic CO 2 . Thus, as displayed in greater detail in Figures 4c and 4d , the contemporary small sink in the Southern Ocean is caused by a near cancellation between a substantial outgassing flux of natural CO 2 , which presumably existed already in preindustrial times, and a large uptake flux of anthropogenic CO 2 , which has grown over time and is expected to increase further as atmospheric CO 2 continues to rise. Presently, the Southern Ocean takes up more than a third of the global anthropogenic CO 2 , yet it covers only 18% of the global surface ocean area.
[55] High uptake rates of anthropogenic CO 2 are associated with those regions where waters that have not been in contact with the atmosphere for some time come to the surface and are exposed to the increased CO 2 in the atmosphere Orr et al., 2001; Mikaloff Fletcher et al., 2006] . In the Southern Ocean, the upwelling of Circumpolar Deep Water (CDW) with very low concentrations of C ant provides a large potential for the uptake of anthropogenic CO 2 (Figure 5a ). C ant is low in upwelling CDW because it stems in part from the mid-depth return flow of deep waters from the Indian and Pacific Ocean [Schmitz, 1995] . Most of this uptake potential is realized as the upwelled waters that are being pushed northward at the surface by the Ekman drift are exposed to the elevated atmospheric CO 2 in the presence of high windspeeds, which accelerate the uptake. The resulting anthropogenic CO 2 -rich waters are then transported to depth as Antarctic Intermediate Waters (AAIW) and Subantarctic Mode Waters (SAMW) discernible in Figure 5a by the deep penetration of anthropogenic CO 2 at midlatitudes of the Southern hemisphere [see also Gruber, 1998; Sabine et al., 2004] . Globally, this is the single most important pathway for the oceanic uptake of anthropogenic CO 2 , causing a circumpolar ring of strong uptake flux centered in the Polar Frontal Zone (between the Polar Front and the Subantarctic Front) and in the Subantarctic Zone (Figure 4d) .
[56] The source and sink pattern of natural CO 2 inferred by the inversion can be traced back to the ocean interior distribution of DC gas ex , in particular its gradients (Figure 5b ). Waters that have low concentrations of D C gas ex must have lost natural CO 2 to the atmosphere the last time they were in contact with the atmosphere, and vice versa for waters with high DC gas ex concentrations. Closer inspection of the DC gas ex distribution in the Southern Ocean reveals that the CDW upwelling in this region is characterized by elevated DC gas ex concentrations, whereas the DC gas ex concentrations in the core of the AAIW (sq between 27.00 and 27.50) are substantially depleted, reflecting the strong outgassing of natural CO 2 as waters flow northward in the Southern Ocean (Figure 5b ). By contrast, SAMW has rather high DC gas ex concentrations, reflecting the uptake of natural CO 2 as some of the waters from the south continue to be pushed northward. Some of this high DC gas ex , particularly in the water masses shallower than SAMW, may also reflect the entrainment of southward flowing waters that took up natural CO 2 from the atmosphere during their transit in the temperate latitudes of the southern hemisphere (Figure 4b ). Also discernible in Figure 5b is the high DC gas ex tongue of southward flowing North Atlantic Deep Water (NADW) in the deeper parts of the Atlantic, which is the primary cause for the existence of a substantial interhemispheric transport of natural carbon [Mikaloff Fletcher et al., 2007] .
Ocean Transport
[57] The contemporary oceanic transport of carbon (Figure 6 , blue arrows) inferred from the ocean inverse flux estimates shows southward transport throughout much of the Atlantic, strong equatorward transport in the Pacific, and a small northward transport throughout the Indian Ocean. The contemporary global net transport across the equator is ), supporting a string of studies that all demonstrated a relatively small global interhemispheric transport of carbon [e.g., Keeling and Peng, 1995; Murnane et al., 1999; Sarmiento et al., 2000] in contrast to the original suggestion by Keeling et al. [1989] of a large interhemispheric transport of the order of 1 Pg C a À1 (see more detailed discussion by Mikaloff Fletcher et al. [2007] ).
[58] The contemporary southward transport of carbon in the Atlantic is much smaller than that for natural carbon (green arrows), as the latter is compensated by a substantial northward transport of anthropogenic carbon (red arrows). With the expected continued uptake of anthropogenic CO 2 from the atmosphere and the resulting increase in the northward transport of anthropogenic CO 2 , one can soon expect a reversal of the sign of the transport of total carbon in the South Atlantic, a change that we infer to have taken place already in the transport at about 31°S. A similar compensation between the transport of natural and anthropogenic carbon occurs in the Indian Ocean, where the transport of anthropogenic carbon is southward, whereas the natural carbon transport is northward. In contrast, the two component fluxes enhance each other in the South Pacific, resulting in roughly a doubling of the total northward transport of carbon in this region. At the equator and in the North Pacific, both compensation and enhancement occur. Overall, as was the case for the air-sea fluxes, the superposition of natural and anthropogenic carbon transports results in a complex pattern of the contemporary (total) carbon transport, whose structure can only be understood by considering separately Figure 6 . Global map of the contemporary transport of carbon (blue arrows with large bold numbers) and of its components (natural carbon with green arrows and anthropogenic carbon with red arrows) based on the inverse flux estimates (small italic numbers). Depicted are the weighted mean estimates and their weighted mean standard deviation, all in Pg C a
À1
. Also shown are the storage estimates, i.e., the integrated rates of change in DIC arising from the anthropogenic CO 2 perturbation. Figure 5 . Ocean interior distributions of the tracers reflecting the exchange of CO 2 across the air-sea interface, displayed as global-scale section plots organized around the Southern Ocean in the center. (a) Distribution of anthropogenic CO 2 , C ant , estimated using the DC* method of Gruber et al. [1996] . (b) Distribution of the gas exchange component of natural CO 2 , DC gas ex , following Gruber and Sarmiento [2002] . The inversion interprets these distributions by determining, given ocean circulation and mixing, a set of surface ocean fluxes that most closely matches these observations. Also shown are isolines of potential density anomalies, s q (density referenced to the ocean surface minus 1000 kg m À3 ), along which most of the oceanic flow occurs. Major ocean circulation features are indicated by schematic arrows. Figure 5 is based on data taken from GLODAP . NADW: North Atlantic Deep Water, CDW: Circumpolar Deep Water; SAMW: Subantarctic Mode Water; AAIW: Antarctic Intermediate Water. the transports of the natural and anthropogenic carbon components.
[59] The concurrent availability of databased estimates of the air-sea CO 2 flux and of the oceanic inventory of anthropogenic CO 2 permits us to compute a second, independent estimate of the contemporary CO 2 transport. The comparison of this new pCO 2 based estimate (equation (1)) with that based on the ocean inversion ( Figure 7 ) reveals a remarkably consistent depiction of the global-scale oceanic transport, and how the individual ocean basins contribute to it. The pCO 2 -based transport estimate confirms the previously identified net southward transport throughout much of the Atlantic, and the strong convergence toward the equator in the combined Indian and Pacific. Both estimates identify a small hemispheric asymmetry, with a southward transport across the equator of between À0.2 and À0.3 Pg C a À1 , contributed to by both the Atlantic and Indo-Pacific basins. The agreement is better in the Atlantic than in the Indo-Pacific, where the pCO 2 -based transport estimates is consistently lower than the inverse estimates south of about 30°N, resulting in a considerable difference of about 0.1 Pg C a À1 in the northward transport in the Indo-Pacific (and global) at temperate latitudes of the Southern hemisphere. As was the case with the air-sea fluxes, the biggest difference occurs in the Southern Ocean, where our inverse estimates indicate northward transport at about 60°S, whereas the pCO 2 based estimates suggest a southward transport, highlighting again the disagreement in this critical region.
[60] Hydrographic transport estimates of contemporary (total) carbon transport are available only for the Atlantic ocean (see Figure S3 ). To put all estimates on the same basis, we normalized all transport estimates to a Bering Strait throughflow of zero; that is, we removed from each transport estimate their reported transport through Bering Strait. This carbon transport through Bering Strait is caused by the net mass transport through this strait and represents a nondivergent component of the carbon transport through the Atlantic; that is, it does not lead to surface fluxes of carbon. As our transport estimates are based on surface fluxes, they do not include the Bering Strait transport explicitly, so that we take a zero transport through this strait as a reference point.
[61] The tendency of the inverse and pCO 2 -based transport estimates for a southward reduction in the southward transport in the South Atlantic agrees well with the direct transport estimates by Holfort et al. [1998] , except that the Holfort estimate suggests a consistently stronger southward transport with a mean difference of about 0.14 Pg C a À1 . It is conceivable that this offset is due to a bias in their estimated Bering Strait transport, which we subtracted, as small relative errors in this large carbon transport causes large, but uniform offsets in the net carbon transport across all considered sections. There is also good agreement between our inverse transport estimates and those of Holfort et al. [1998] with regard to the strong compensatory tendency between the southward transport of natural carbon and the northward transport of anthropogenic carbon. The comparison of the two transport components also reveals that the offset between the estimates is driven entirely by the natural carbon transports, supporting our hypothesis that a potential bias in the assigned Bering Strait transport is causing the too strong southward transports in the estimates by Holfort et al. [1998] .
[62] The results of a comparison of the contemporary transports in the North Atlantic are much more mixed, in part because of the disparity in the observational estimates. While both our transport estimates of about À0.2 Pg C a with a mean that is in agreement with our estimates. Á lvarez et al.
[2003] compute a net contemporary southward transport of À0.92 ± 0.08 Pg C a À1 across the same section, i.e., nearly three times larger than our two independent estimates. Also their transport estimate across the 4x line, which spans latitudes between about 40°N and 60°N, is about three times larger. These large discrepancies may reflect real differences, e.g., caused by high temporal variability in transport, to which hydrographic transport estimates are fully exposed to, while the pCO 2 -based and the inverse transport estimates reflect more the long-term mean state. Biases are also possible, especially since hydrographic transport estimates are prone to aliasing effects due to unresolved temporal changes [see, e.g., Cunningham et al., 2007] ) and undersampled mesoscale variability, [see, e.g., Wunsch, 2008] .
Implications and Outlook
[63] Our estimates of the anthropogenic and contemporary air-sea CO 2 fluxes and their associated ocean carbon transports have several important consequences for our understanding of the global carbon cycle and its anthropogenic perturbation. First, we are able now, with more confidence than previously possible, to quantify the global oceanic uptake of anthropogenic CO 2 and its spatial distribution. This provides new and tighter constraints on the global budget of anthropogenic CO 2 . Second, a better understanding of today's air-sea CO 2 fluxes helps to improve our ability to project the impact of future climate change on the air-sea CO 2 fluxes, as well as to improve our ability to explain past changes. Third, better quantitative estimates of the contemporary air-sea CO 2 fluxes and associated carbon transports can support the interpretation of atmospheric CO 2 data, particularly with regard to the estimation of the net fluxes with the terrestrial biosphere. The latter aspect has been extensively discussed by Jacobson et al. [2007a] and Jacobson et al. [2007b] , so we focus here just on the first two.
Oceanic Uptake of Anthropogenic CO 2
[64] The inversion of the oceanic distribution of the reconstructed anthropogenic CO 2 yields a global uptake flux of anthropogenic CO 2 of À2.2 ± 0.3 Pg C a À1 (±1 standard deviation) for a nominal year of 1995 [Mikaloff Fletcher et al., 2006] . This estimate compares well with the most recent set of independent estimates of the global ocean uptake of anthropogenic CO 2 (Table 1) , after adjustments have been applied to account for the river outgassing. To arrive at an estimate of the net uptake of anthropogenic CO 2 , we adopted the same global estimate of 0.45 Pg C a À1 to adjust the net flux estimates based on pCO 2 observations as well as those based on the inversion of atmospheric CO 2 observations. The magnitude of this adjustment is rather uncertain, as both the actual magnitude of the river outgassing as well as the fraction of that outgassing actually included in the pCO 2 climatology is not well known. This adds a substantial uncertainty to the pCO 2 and atmospheric CO 2 -based estimates of the oceanic uptake of anthropogenic CO 2 .
[65] Although not significantly different from the other estimates in Table 1 , our ocean inverse estimate of À2.2 ± 0.3 Pg C a À1 stands out because of its small uncertainty. It compares well with the most recent uptake estimate based on the simultaneous measurements of CO 2 and of the O 2 /N 2 ratio in the atmosphere [Manning and Keeling, 2006] . This latter estimate includes a 0.5 Pg C a À1 correction for the effect of the warming-induced outgassing of O 2 and N 2 on the atmospheric O 2 /N 2 ratio, whose magnitude represents a major source of uncertainty in this method [Plattner et al., 2002; Bopp et al., 2002; Keeling and Garcia, 2002] . Our inverse estimate of the oceanic uptake of anthropogenic CO 2 confirms also an earlier finding by Matsumoto et al. [2004] that the majority of the models that participated in OCMIP-2 tend to overestimate the oceanic uptake of anthropogenic CO 2 . In fact, when Matsumoto et al. [2004] selected only those 4 models that are in agreement with a number of basic oceanic chlorofluorocarbon and bomb radiocarbon constraints, they found an oceanic uptake of anthropogenic CO 2 that is indistinguishable from ours (Table 1) .
Processes
[66] An improved quantitative description of the spatial distribution of the oceanic sources and sinks of atmospheric CO 2 as well as its attribution to the exchange of natural and anthropogenic CO 2 helps to identify regions in the ocean that are critical in determining the past, present, and future net airsea balance of CO 2 . The Southern Ocean stands out with its large uptake of anthropogenic CO 2 and with its substantial outgassing of natural CO 2 . Simulations show that this region reacts with relatively high sensitivity to climate variations over the last 50 years [Le Quéré et al., 2007; Lovenduski et al., 2007 Lovenduski et al., , 2008 Lenton and Matear, 2007; Verdy et al., 2007] , as well as to future climate change, because of the interaction of sea-ice, upwelling, and convection with changes in heat and freshwater fluxes [Sarmiento et al., 1998 ]. Given the large exchange fluxes of the two CO 2 components, relatively small changes in the Southern Ocean can lead to large changes in the net atmosphere-ocean balance of CO 2 , providing for substantial feedbacks in the climate system. Feedbacks between the physical climate system and the Southern Ocean carbon cycle have also been suggested to explain the much lower atmospheric CO 2 levels during the last few periods of maximum glacial extents [Toggweiler, 1999; Sigman and Boyle, 2000; Gildor et al., 2002] .
Outlook
[67] While our results here present a major step forward in our ability to constrain the oceanic sources and sinks of atmospheric CO 2 , our analysis is by design limited to the long-term mean state and, by itself, does not provide any insights on how strongly and how fast the ocean carbon cycle will respond to changes in external forcing. While there is emerging evidence that this may be occurring already [e.g., Le Quéré et al., 2007] , little consensus exists what the sensitivity might be and which regions may react most strongly [e.g., Yoshikawa et al., 2008] . While we have highlighted the importance of the Southern Ocean as a region of particular relevance, it would be shortsighted to dismiss the potentially equally important contribution to change of the other oceanic regions. Identifying these regions and the underlying processes, and to quantify what we can expect to happen in the coming decades represents one of the grand challenges for ocean carbon cycle research and requires a continuing commitment to observe the time-evolving ocean carbon cycle as well as detailed modeling and process studies.
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